Abstract. For patients with tethered cord syndrome (TCS), surgeons need accurate judgment of the tumor or bonding to be cut during the surgical procedures to release the spinal cord to normal tension. According to laser-generated surface acoustic wave (SAW) technology, using laser to irradiate the spinal cord with viscoelasticity to generate SAW, we can analyze the degree of traction in the spinal cord by the propagation conditions of SAW which is related to the physical and mechanical properties of the spinal cord surface. A finite element model was built in the environment of COMSOL Multiphasic. This simulation analyzed and verified the feasibility of laser-generated SAW technique for measuring spinal cord surface tension, and it will contribute to the development of the testing medical devices of spinal cord tension which enable doctors to achieve more accurate results during surgery.
Introduction
Tethered cord syndrome (TCS) is a stretch-induced functional disorder of the spinal cord with its caudal part anchored by an inelastic structure. Spinal cord is in an over-stretched state and can't fit the growth of the spine due to the congenital or acquired causes such as spinal cord dysplasia, spinal cord lipoma, diastematomyelia [1] , etc. The most effective way to treat TCS is to remove the bottom weight or the bonding with the surrounding tissue through the surgery, so as to relieve the excessive stretch of the spinal cord [2] . In the past surgical procedures, doctors often rely on their own experience to release the cauda equine; there is no reliable basis for support. So the purpose of this study is to help the development of the testing medical devices of spinal cord tension which enable doctors to achieve more accurate results during surgery.
At present, there is no effective solution to measure the surface tension of the spinal cord at home and abroad. Considered the particularity of spinal cord, this paper used laser-generated SAW to measure, which has the advantages of lossless and non-contact. SAW is an elastic wave propagating along the object surface. It was discovered in 1887 by British physicist Rayleigh in the process of studying seismic waves, so it is also called Rayleigh wave [3] . When the SAW is generated by laser, the characteristics of SAW depend largely on the optical penetration ability of laser, and the elastic parameters and geometric characteristics of the material. In recent years, laser-generated SAW has been widely used in the measurement of physical and mechanical properties of object surfaces, such as deformation [4] , Young's modulus [5] or crack [6] .
Finite element analysis (FEA) refers to the analysis of real physical objects or physical systems by mathematical approximation. In this paper, COMSOL Multiphysics finite element simulation software was used to establish the viscoelastic model of the spinal cord and to simulate the process of generating spinal cord surface by laser to form SAW. In this way, we can analyze and verify the feasibility of laser-generated SAW technique for measuring spinal cord surface tension.
Theoretical Method
When a laser irradiates the object surface, the material absorbs the laser energy and heat source forms, the temperature rapidly rises and produces thermal expansion which leads to heat stress and displacement, forming SAW.
In most cases, the laser beam is a bell-shaped profile which is similar to the Gaussian distribution. When the laser beam irradiates to the surface of the object, the energy intensity at the position corresponding to 1/e 2 of the maximum energy intensity is set as the edge of the beam. The distance from the center of the beam to the edge is the beam radius. The radiation distribution of the laser beam can be expressed as the following formula:
where 0 I is the laser power density, r is the radial coordinate, 0 r is the beam radius of the pulsed laser, and 0 t is the laser excitation time.
According to Beer's Law, when the object is uniformly non-dispersive and smooth surface, the laser pulse decays exponentially, and the distribution is affected by the absorption coefficient, scattering coefficient and anisotropy coefficient [7] . The expression is:
where (r, z) is the laser energy density, 0 E is the amount of radiation exposure on the surface of the object, z is the coordinate describing the depth below the surface, a is the absorption coefficient, and s is the scattering coefficient.
The thermal reaction of material is transformed by the energy of laser. Considering the heating rate of the object itself, the heat source per unit area can be expressed as:
S r z t r z g t (2) Assuming that the material is a thermo-elastic body, the temperature rises and local thermal expansion occurs, and then the transient displacement is produced, the expression is shown as follows:
U r z t U r z t U r z t a T r z t t (3)
where U(r, z, t) is surface displacement, and is lame constant, a is expansion coefficient of the object. When t=0, the displacement meets the initial condition:
The calculation formulas of the interaction between laser and material are briefly introduced above.
Numerical Model

Establishment of spinal cord model
The spinal cord is a part of the central nervous system and is located in the spinal canal with a total length of 41-45 cm. The spinal cord is composed of gray matter and white matter. Usually, the conus medullaris is located between the segment T12-L1 of the spinal cord [8] , while the conus medullaris of patients with TCS is below segment L2 [9] . Therefore, we selected the MRI image of the cross-section at segment L1, drew the outline of each component of the spinal cord in Pro / Engineer software. After that, the size of the cross-section needed to be set. In human body, the area of the cross-section of the spinal cord is not consistent. To simplify the model, the area of the cross-section of the model was uniformly set as the area of the segment L1 which is 40
2 [10] . The two-dimensional geometric model is shown in Fig.1 . After the completion of the two-dimensional model, stretching operation was needed. Taking into account the Computing speed and simulation effect of the software, the total length was set to be the length of the segment L1 which is 12mm [10] . After that, a three-dimensional entity was formed and we needed to import it into the COMSOL software.
In order to meet the characteristics of the spinal cord, it was necessary to configure the mechanical parameters of the gray matter and white matter of the spinal cord after importing the geometric model into the COMSOL software. For gray matter and white matter, since they belong to the viscoelastic material and have the dual characteristics of elastic solid and viscous liquid, they were simulated by using the hyperelastic model. The parameters referred to the Ogden model adopted by Fiford and Bilston [[11]- [13] ]. The parameters of each part are shown in Table 1 . 
Simulation of Pulsed Laser
To establish a finite element simulation model of the detection of spinal cord surface tension by laser-generated SAW, it was necessary to find an appropriate load model to simulate the interaction between the pulsed laser and the object. Pulsed lasers can generate harmonics [14] , so we used the equivalent force to simulate. Set the load position on the left border of the model, and the expression is 
where σ is the control parameter of the pulsed laser width and its value is 1.2, 0 is the delay time of the pulse and its value is 5 , = 2 represents the central circular frequency of the pulse and the value of is 0.5MHz.
Loading and Solving
To make the finite element model convergent within the load duration and obtain better simulation results, we needed to select the appropriate integral step size and mesh size. When the step size is too large, some high-frequency information will be lost and aliasing occurs; when the step size is too small, the accuracy of the analysis will be improved, but the calculation time will be too long and the efficiency of calculation will be reduced. Newmark proposed to take 20 sampling points in the minimum wave period, so that the integral step called the Newmark time [16] . The expression is:
where is the highest expected frequency and can be estimated as [17] :
where 0 is the radius of the laser, is the longitudinal wave velocity of the material.
Mesh generation is an important step in FEA. The reasonable and effective mesh size is not only helpful for the model to converge to real solution, but also can improve the efficiency of calculation and avoid the waste of resources. Mesh size was chosen as:
According to the calculation, the integrated step size was 0.5ns and the mesh size was about 50μm. In order to ensure that the detected SAW waveforms were complete enough, we needed to calculate the load time based on the propagation velocity of the SAW on the spinal cord. It is known that the basic equation of propagation velocity of SAW in semi-infinite elastic body is [18] :
where = √ 2 (1+ ) is the propagation velocity of transverse wave in isotropic medium,
is the propagation velocity of the longitudinal wave. Since SAW is an elastic wave propagating along object surface, we selected the parameters of white matter to calculate. Finally, we calculated that the wave propagation velocity of SAW in the white matter was 9m/s. Take the operation rate and other factors into consideration, the load time was set to 6 × 10 −4 s. In order to simulate different tension states on the surface of the spinal cord because the conus medullaris was sketched by different weight, one end of the spinal cord was subjected to a fixed constraint and the other end was applied with boundary load of 0.2N (corresponding to 20g weight), 0.4N (corresponding to 40g weight) and 0.6N (corresponding to 60g weight) respectively (Fig.2) .
Figure 2. Boundary conditions and loads in experiments.
After all the settings were done, the research needed to be carried out. The first step was steady-state analysis, we applied boundary loads to simulate the spinal cord in different traction states. The second step was transient analysis, we set the initial state to the final state of the steady-state analysis. After that, the equivalent point load of the pulsed laser was enabled to simulate the interaction between the pulsed laser and the spinal cord. The position of the detection point was set at 2mm from the left boundary and we needed to output the SAW waveforms corresponding to three kinds of tension state at the detection points respectively. After the transient analysis, we output the vertical vibration amplitude of the displacement caused by the laser load at the detection point, which is the SAW waveform (Fig. 4) . With the passage of time, the amplitude of SAW decreased first and then increased. When the longitudinal depth of vibration was the largest, the vibration amplitude was the smallest, and finally it tended to 0. The different tracking states had influence on the longitudinal depth and vibration amplitude of the wave. When there was no external force on the spinal cord, SAW vibrated with no longitudinal offset. When the spinal cord was stretched by the external force and with the increase of the stretch force, the longitudinal depth where the SAW vibrated was deeper and the vibration amplitude was smaller.
Under the force of 0.2N, the SAW detected at 2mm and 6mm were Fourier transformed respectively, then the phase difference was obtained. We obtained the dispersion curve according to the formula:
In the same way, the dispersion curves are obtained respectively under the force of 0.4 N and 0.6 N (FIG. 5) . It can be found that the propagation speed of SAW on the spinal cord is 10-20m/s, which is not very different from the 9m/s calculated before. It proved the correctness of the simulation experiment. In the low frequency band, SAW was just be excited, the speed rises rapidly, in the high frequency, it tended to be gentle. Under different tracking states, the velocity of the SAW was different, the greater the tension was, the bigger the phase velocity was, According to the calculation, when the weight increases by 1g, the phase velocity increases by 0.015m / s. So we only need to calibrate, and then calculate the phase velocity according to the collected SAW, finally we can calculate the stress on the surface of the spinal cord.
In conclusion, through the surface acoustic wave waveform and its phase velocity dispersion curve we measured, we can calculate the spinal cord surface tension. Simulation results showed that laser-generated SAW technique is effective in measuring the surface tension of the spinal cord. Our work is theoretical, but it will provide a theoretical basis for further research on the development of the instrument for measuring the surface tension of the spinal cord.
